Abstract--Chemical data from three different series ofdiagenetic illite/smectites (I/S), analyzed statistically by two regresion techniques, indicate that the content of fixed-K per illite layer is not constant, but ranges from ~0.55 per O1o(OH)2 for illite layers in randomly interstratified I/S (R=0; > 50% smectite layers) to ~ 1.0 per O1o(OH)2 for illite layers formed in ordered I/S (R>0; <50% smectite layers). By extrapolation of the experimental data, the following chemical characteristics were obtained for end-member illite derived from the alteration of smectite in bentonite: average fixed-K per illite layer = 0.75 per O~o(OH)2; total charge = about -0.8; cation-exchange capacity = 15 meq/100 g; surface area (EGME) = 150 m2/g.
INTRODUCTION
Illite is a micaceous clay mineral that is a principal constituent of many argillaceous sediments (Grim et al., 1937) . Illite derived from the alteration ofsmectite is considered to be the nonexpanding end-member of the illite/smectite (I/S) series of mixed-layer clays (Hower and Mowatt, 1966) . The composition ofillite is difficult to determine precisely because illite samples, including the original Fithian illite described by Grim et al. (1937) , usually are physical mixtures of nonexpanding 10-~ material (i.e., discrete illite) and predominantly illitic, ordered mixed-layer I/S (Srodofi, 1984) . The present paper attempts to determine the K content of illite layers in I/S and to characterize endmember illite with respect to K content, layer charge, cation-exchange capacity (CEC), and surface area by extrapolating these properties to pure illite from a series of mixed-layer I/S having a broad range of expandabilities and no discrete 10-/~ phases.
The first attempt at such an extrapolation was made by Hower and Mowatt (1966) who plotted expandability (percentage of smectite layers) against fixed interlayer-cation content to determine the K content of il- Montana disturbed belt and were described by Eslinger et al. (1979) . Twenty samples are Upper Carboniferous bentonites from a coal-bearing formation in Upper Silesia, Poland (Table 2) . In contrast to the other samples, these last clays are from closely spaced profiles in a single, thick bentonite bed, in which expandabilities have been shown to decrease from the center of the bed to the edges (Srodofi, 1976) . Three samples are from another Upper Carboniferous bentonite bed from Upper Silesia (Table 2 , Brz6, T13, T9). Similar variations in expandability across the bed were noted (Parachoniak and Srodofi, 1973) .
Sample separation and chemical analysis
The Silurian samples are < 5-~m fractions separated from samples in a hydrocyclone. They were analyzed chemically by inductively coupled plasma, atomicemission spectroscopy (ICP), except for FeO (dichromate titration), P~O5 (solution absorptiometry) and H~O+ and H20-(gravimetric). Chemical analyses are given in Table 1 .
The Cretaceous samples are <0.1-#m fraction separated from bulk samples by using sodium acetate buffer, 2% Na2CO3 treatment, and centrifugation, accord- ing to methods described in Eslinger et al. (1979) . Chemical analyses were made by atomic absorption spectroscopy (AA), and Fe 2 +/Fe 3 + ratios were obtained from M6ssbauer spectroscopic data. Chemical analyses were reported in Eslinger et al. (1979) . Twelve of the Carboniferous samples are <0.125-gm fractions obtained from 1 N NaCl-exchanged bentonites. They were subsequently exchanged with Sr by four washings with 1 N SrC12, dialyzed, and analyzed chemically by X-ray fluorescence spectrometry (XRF) using a technique described by Hower et al. (1964) , except that Na was determined by flame photometry (Hoffman and Hower, 1979) . The other 11 Carboniferous samples are <0.3-/zm fractions that were separated from natural samples by centrifugation and analyzed by direct-current, plasma-emission spectroscopy (DCP). Single samples from the other sets also were analyzed in this manner to compare data obtained by the different analytical techniques. Replicate analyses were made for each of these samples (two dissolutions per sample, Medlin et aL, 1969) . K20 was determined by AA. Chemical analyses for the Carboniferous samples are reported in Table 2 .
Structural formulae
Structural formulae were calculated by normalizing cation analyses to a theoretical structure containing O10(OH)v For the Silurian samples, dithionite-extractable Fe 3+ was determined separately and subtracted from the complete chemical analysis before calculation of the formulae in order to eliminate the effect of iron coatings. Exchangeable K was measured by analysis of NH4OAc extracts. Ti was not included in the calculation because X-ray powder diffraction (XRD) analysis detected anatase in some of the samples. Semiquantitative XRD analysis also led to the subtraction of 7% kaolinite from the chemical analysis of sample M2, and 3% kaolinite and 4% quartz from the analysis of sample M3, before the formulae were calculated (Table 3) .
For the 12 Carboniferous samples analyzed by XRF, Sr and minor quantitites of Ca and Na were assumed to be exchangeable cations, and K was assumed to be nonexchangeable (i.e., fixed in the interlayer of illite layers). All Fe was treated as Fe203. In addition, 1.5% kaolinite was subtracted from the analysis of sample 2R63. Ti was not included in the formulae (Table 4) . For the 11 Carboniferous samples analyzed by DCP, K was assumed to be fixed, and Na and Ca were assumed to be exchangeable. Ti was not included in the calculation, and all Fe was treated as Fe203 (Table 4) . Some samples from this set gave anomalously small values for octahedral occupancy (< 1.97), probably due to contamination by NaC1. Recalculation of the formulae, assuming less Na20, gave octahedral occupancies of about 2.0. The value for fixed K was not affected by this recalculation, but layer charge values were affected significantly. For this reason, formulae with octahedral occupancies differing from 2.0 by more than +0.03 were used for fixed-K determinations, but not for layer charge estimates.
For the Cretaceous samples, all K was assumed to be fixed because all samples were Na-exchanged during separation. Like some of the Carboniferous samples, most of the Cretaceous samples were assumed to be Na-contaminated; therefore, the structural formulae given by Eslinger et al. (1979) were based on an average CEC for a given expandability. This approach gave octahedral occupancies close to 2.0; both total charge and fixed K from these analyses are used in the present paper (Table 5) . Formulae for three samples, each analyzed by two methods, are given in Table 6 Figure 1 . X-ray powder diffraction patterns of I/S encompassing range of expandabilities studied. Patterns are of oriented, ethylene glycol-solvated preparations using CuKa radiation. Peak positions and sample identification are given in the figure. %S = percentage of smectite layers (expandability); R0 = random interstratification; R 1, R3 = types of ordered interstratifications.
as much as 20%. Thus, fixed-K values obtained from different analytical techniques are comparable. Layercharge values, however, should be analyzed in sets obtained by one analytical technique, and only the trends, and not the absolute values, can be compared between sets.
Cation-exchange capacity and surface area
Cation-exchange capacities (CEC) were obtained only for the Silurian samples. CEC was measured by the Plots of fixed potassium vs. expandability for I/S. On plots representing individual sets of samples (A-C), the bestfit lines for ordered minerals are drawn to show that random samples plot above them. On plot combining all data (D), lines obtained from regression analysis are drawn both for random and ordered minerals. The two diamonds (0) are for two Ordovician samples from Kinnekulle, Sweden (authors' data; DCP analyses). Data from Inoue and Utada (1983) are shown in plot E. Open symbols = R0 ordering minerals; solid symbols = partially ordered to completely ordered minerals. ammonium acetate method of Mackenzie (1951) . Surface area was measured by the ethylene glycol-monoethyl ether (EGME) method of Carter et al. (1965) .
X-Ray powder diffraction identification
The Silurian samples were analyzed by XRD in the Ca-form, the Cretaceous samples in the Na-form, and the Carboniferous material in the natural form (exchange complex dominated by Na). Suspensions of the samples were pipeted onto glass slides (~0.7 mg clay/ cm2), and were solvated with ethylene-glycol using the liquid technique of Srodofi (1980) . Samples were examined with a Siemens Automated D500 diffraction system using a Cu-tube, a graphite monochromator, a 20 range of 20-50 ~ steps of 0.02~ and a counting time of 4 s/step.
The layer ratio and the type of ordering of I/S were determined as described by Srodofi (1980 Srodofi ( , 1984 . Layer ratios of samples containing more than ~ 20% smectite layers were measured by the Ad2 technique using reflections in the 400-50~ range (CuKa radiation; Srodoff, 1980, Figure 5 ). Samples that contained less expandable I/S were identified by the method outlined by Srodofi (1984) . Peak positions were chosen in the middle of the uppermost part of the peak. The precision of all the measurements was ___ 1-3% smectite layers. Examples of the XRD data are shown in Figure 1 . Peak positions, percentage of smectite layers, and type of interstratification are marked on the figure.
RESULTS

Potassium content of illite layers
Several plots of quantity offixed-K vs. expandability are presented in Figure 2 . A plot of original data from Inoue and Utada (1983) is shown also (Figure 2E ), because it illustrates what is probably one of the most complete sequences of I/S reported to date.
From these plots the following features were observed: (1) Data that include the complete range of expandabilities cannot be fitted closely by a single straight line, as was attempted by Eslinger et aL (1979) and Inoue and Utada (1983) . (2) extrapolating to ~0.75 fixed-K for pure end-member illite. Like the original plot made by Hower and Mowatt (1966) , this line does not extrapolate to 100% smectite layers for zero fixed-K, but rather to about 75% smectite layers. (3) Data for randomly interstratified (R=0) I/S (> 50% smectite layers) can be fitted by a straight line that extrapolates to ~0.55 fixed-K for pure end-member iUite. This line also does not extrapolate exactly to 100% smectite layers for zero fixed-K, but rather to ~ 102% smectite layers. If this misfit is not due to a systematic analytical error, it indicates the presence of a small fraction of high-charge illite layers at very high expandabilities. A possible origin for these layers is discussed below. (4) The data of Inoue and Utada (1983) show the same characteristics as those plotted in Figure 2D , although dispersion of the analytical points is greater, probably due to less-precise expandability measurements.
A regression analysis was performed to determine if the relationship between fixed K and percentage of smectite is consistent among populations of interstratified clays for which R=0 and R>0. The percentage of smectite layers was the dependent variable, and fixed-K was the primary independent variable. In addition to fixed-K, indicator variables distinguishing R=0 from R>0 were included in the independent variable set. For example, if Z was an indicator variable, it was assigned a value of 0.0 if the percentage of smectite was from a R>0 clay; Z was assigned a value of 1.0 if the percentage of smectite layers was from R=0 clay. Coefficients of these variables were used to detect significant changes in the proposed regression model resuiting from clay-population differentiation. Any change in intercept was determined from the significance and value of the coefficient of the indicator variable Z; The point of intersection of the above regression lines is at a fixed-K value of about 0.33 and a corresponding smectite layer value of 42%. The coefficient of determination (R 2) for these two lines is .97, whereas R 2 is .95 if all of the data were fitted to a single line; hence the two-line fit is somewhat more likely. In addition, a plot of residuals for the single-line model shows nonuniform scatter along the line, indicating that this model is invalid because it violates the assumption of ordinary least squares regression. A statistical analysis was performed to determine if the relationship between fixed-K and percentage of smectite for a mixedpopuiation of R=0 and R>0 clays is consistent through the entire range offixed-K values. Indicator variables were used here also, but the differentiation was based on fixed-K values. Because no a priori assumption was made for the exact location of any break in slope for fixed-K, sequential regression analyses were applied; each time a progressively larger value of fixed-K was selected from the data set as the assumed breakpoint. If the fixed-K value was less than the assumed breakpoint, an indicator variable Z was assigned a value of 1.0; if the value was greater than or equal to the assumed breakpoint, Z was assigned a value of 0.0. These values offixed-K ranged from 0.23 to 0.44, which, based on Figure 2 , seemed to contain an apparent breakpoint, while assuring sufficient degrees of freedom for the regression technique. The coefficients of the indicator variables were statistically significant (at the > 99% level) for all sequential regressions. The breakpoint was chosen to be that measured value of fixed-K whose corresponding regression accounted for the most statistically significant coefficients of the indicator variables. In addition, because the distribution of data points indicated continuity for the range of values considered, the breakpoint could also be determined as the location at which the combined effect of the indicator variables was zero, relative to the two models. These criteria are similar to those used in more formal spline-fitting analyses.
This analysis indicated that the breakpoint location of fixed-K was ~0.31 and that the two models are as follows:
Fixed-K < 0.31: % smectite layers = 103.96 -(194.09)(fixed-K) Fixed-K >-0.31: % smectite layers = 76.87 -(103.26)(fixed-K).
The point of intersection of these two models is at 0.30 fixed-K and a corresponding smectite layer percentage of 46.
Thus, the first type of regression analysis indicates that two populations are present in Figure 2D if the data are divided into R=0 and R>0 clay populations. The second analysis indicates that a break in the regression relation occurs at a K value which closely corre- sponds to the break between R=0 and R>0 clay populations.
Other chemical characteristics of the illite/smectite series
Plots of the equivalents of exchangeable cations vs. expandability for the Silurian and the Carboniferous sets of samples can be ftted by straight lines with large correlation coefficients (Figure 3) . Data from the Carboniferous samples are complete enough to conclude that this relationship is linear throughout the entire expandability range. For pure illite, the lines extrapolate to 0.04-0.1 equivalents of exchangeable cations per one-half unit cell, which is interpreted as the CEC of pure illite.
The slopes of the two lines are different, showing greater charge densities for smectite layers in the Silurian samples. Such higher charge densities are consistent with small thicknesses of smectite-ethylene glycol complexes for the Silurian samples (see, e.g., Srodofi, 1984, Figure 4, samples 15(T9) and 16(M1)); smaller thicknesses are indicative of greater charge densities (Srodofi, 1980) . A plot of CEC vs. expandability (Figure 4 ) for the Silurian set of samples is consistent with Figure 3 . The relationship is linear and extrapolates to 15.3 meq/100 g for pure illite and 106 meq/100 g for pure smectite. A similar plot of surface area vs. expandability ( Figure  5 ) for the Silurian samples shows a linear relationship that extrapolates to 154 m2/g for pure illite and 812 m2/g for pure smectite.
Because of the problems of interlaboratory accuracy mentioned previously, charge density vs. expandability is plotted separately for sets of samples analyzed by different techniques (Figure 6 ). Data for the Cretaceous samples from Montana are included for comparison, although they are probably inaccurate due to NaC1 contamination. Recalculation by the method of Eslinger et al. (1979) corrected most of this error and gave octahedral occupancies reasonably close to 2.0. The data of Inoue and Utada (1983) also are shown in Figure 6 . The plots show a characteristic break at about 50% smectite layers: Total charge density increases slightly with percentage ofillite layers for the R=0 clays (smectite layers >50%), and much more sharply for the ordered clays (smectite layers < 50%).
Plots of tetrahedral and octahedral charge vs. expandability show considerable scatter; large differences were observed for absolute values for different data sets (Figure 7) . The common features are a stable octahedral charge with changing expandability and an increase in tetrahedral charge with increasing percentage of illite layers.
INTERPRETATIONS AND CONCLUSIONS
The accuracy of our measurements, as well as the fact that the same features were observed in four different sets of I/S samples, strongly suggests that the features described above are real. Furthermore, the statistical analyses also suggest that the data ( Figure  2D (Figure 2 ) suggests that the amount of K per illite layer is not constant throughout the I/S series. This observation has already been made for glauconitic I/S by Thompson and Hower (1975, Table 6 ) and by Weaver and Pollard (1973, Figure 18 ). The extrapolated value of 0.75 fixed-K for pure illite thus represents an average for illite crystals, instead of the actual number of K atoms per illite layer. If 0.75 were the actual amount of fixed-K per layer, then the plot would be a straight line passing through zero fixed-K at 100% smectite, and through 0.75 K at 0% smectite.
The curve may consist of three segments: A-B, B-C, and C-D (Figure 8 ). The existence of segment A-B is speculative, and is based on wetting and drying experiments discussed below. The slope of segment B-C (AK/A%I) shows that illite layers in this expandability interval have a relatively low charge density, containing about 0.55 K per layer. The slope of segment C-D indicates about 1.0 K per layer. Thus, an increasing proportion of the high-charge layers results in a gradual increase in the average fixed-K per layer. The curve extrapolates for pure illite to a value close to their arithmetic average because low-and high-K layers are almost equally abundant.
A tentative explanation for the possible existence of 3 types of illite layers in illite is as follows: The A-B segment of the curve, if distinct from the B-C segment, results from high-charge layers present in the original smectite. These first illite layers probably formed during a pre-diagenetic stage by collapse of the original high-charge smectite layers in the presence of K. Experimental evidence shows that high-charge smectite (for example, Otay montmorillonite) mixed with K-feldspar and subjected to wetting and drying cycles can strip K from the feldspar and fix it irreversibly, thereby producing as many as 30% illite layers Eberl, 1984a, 1984b) . Low-charge smectites (e.g., Wyoming montmorillonite), contain only a few smectire layers with charge densities high enough to form illite layers by the aforementioned mechanism. The quantity of K per layer could vary in the A-B segment of the curve, indicating that segment A-B is not linear. If this interpretation is correct, the length of segment A-B in a given sequence of I/S should record the charge density of the original smectite.
The B-C segment of the curve represents formation of R=0 I/S by chemical transformation from smectite (e.g., A1 for Si substitution). A charge of -0.55 is required to dehydrate interlayer K and fix it between adjacent 2:1 layers. Infrared data for the Carboniferous samples (Srod6n, 1980) show that this small value for fixed-K is not due to the presence of fixed ammonium ion, an ion that can proxy for K (Cooper and Abedin, 1981) . Once about 50% of the layers have collapsed, the clay (ideally) is composed only of 20-A thick illite layers. To decrease expandability further, it is necessary to join these 20-A illite units together, thereby forming 40-A thick particles. A charge of -1.0 is required for this dehydration due to polarization effects caused by adjacent illite layers (Sawhney, 1967) , thereby giving rise to the C-D segment of the curve. The continuation of such a process results in the formation ofillite crystals that contain alternating low-and high-K interlayers. Preservation of early-formed illite layers in illite suggests that the reaction proceeds by transformation rather than by neoformation, as does a stability for octahedral charge found throughout the mixedlayer series.
The I/S data can be extrapolated to characterize the illite end-member of the series. Illite formed from smectite in bentonites has an average apparent fixed-K content of ~0.75 per layer, and an average of 0.04-0.05 equivalents of exchangeable cations per layer attributable to external (edge) exchange sites, both summing to about -0.8 per Olo(OH)2 total charge density. Such an illite has a CEC of 15 meq/100 g and a surface area of ~ 150 m2/g. Smectite-derived illite consists mainly of two kinds of equally abundant layers containing ~0.55 and 1.0 K per O10(OH)2. In addition, a small amount of pre-diagenetic illite layers containing a variable quantity of K may be present. Illites formed by mechanisms other than the illitization of smectite in bentonite (for example, the illitization of kaolinite and feldspar, the neoformation of illite in sandstone pores, or the formation of illite in shales) may have chemistries different than those described here.
